.
, and methysergide (10 M), respectively. This treatment had no effect on the nicotine-induced increase in IPSC frequency (n ϭ 4). TTX completely abolished the nicotine response (n ϭ 9).
rons. Although we blocked non-NMDA type glutamate increases GABAergic transmission by inducing action potential firing in GABA neurons, mediated by nAChRs receptors in these experiments, we tested whether NMDA receptor activity contributed to the effect of nicoon the GABA neurons. The TTX sensitivity of this effect suggests that these nAChRs are located away from the tine. Application of APV (50 M) had no effect on the nicotine-induced increase in GABAergic transmission terminal, and do not influence GABA release directly. In several brain areas, including the VTA, activation ( Figure 2F ; n ϭ 6). To further examine whether indirect effects on neuronal circuitry in the VTA are responsible of nAChRs induces inward currents that cause depolarization and lowering of the threshold for action potential for the nicotine-induced increase in GABAergic input to the DA neurons, we tested the effect of nicotine on firing (Jones et al., 1999; McGehee and Role, 1995) . To test the effect of nicotine on the excitability of GABA spontaneous IPSCs in the presence of a cocktail of receptor antagonists, including DNQX (10 M), APV (50 neurons, we studied evoked IPSCs with minimal stimulation. The extracellular stimulation intensity was reduced M), MCPG (1 mM), atropine (1 M), SCH23390 (10 M), sulpiride (10 M), and methysergide (10 M). Under to the point where an IPSC was elicited in only about 50% of the stimulations ( Figures 3A and 3B) . Apparently, these conditions, 1 M nicotine increased GABAergic transmission by 250% Ϯ 27% ( Figure 2F , n ϭ 4), showing at this stimulus intensity, the GABAergic fibers are depolarized very close to the threshold for action potential that the effects of nicotine on GABA neuron activity are independent of glutamatergic, muscarinic, dopaminerfiring. When 1 M nicotine was bath applied for 200 s, the failure rate decreased dramatically, meaning that gic, and serotonergic inputs. In 3 of 4 cells tested in the presence of these blockers, we also observed a the majority of stimulations successfully elicited IPSCs. Nicotine decreased the failure rate in all 14 cells tested decrease in IPSC frequency after the initial increase (not shown). These findings indicate that nicotine directly ( Figures 3B and 3C ). This could either result from a more Figure 3D ). These data suggest that nicotine lowers and 4D 4% of control response magnitude on average. MEC washes out slowly from the slice preparation, but the To assay the pharmacology of the nAChRs expressed by GABA neurons more directly, the effect of focal appliACh response recovered partially after 50 min wash ( Figure 4E ). These data support the idea that the nAChRs experiment. After a control period of several minutes, 250 nM nicotine was applied for 10 min. Immediately expressed by I h -negative neurons in the VTA have similar pharmacology to those responsible for the enhancefollowing the 250 nM application, the effect of a 2 min, 1 M nicotine application was tested. In some cases, the ment of GABAergic input to VTA DA neurons. frequency of spontaneous GABAergic IPSCs increased briefly during the 250 nM pre-application, but then reDesensitization of nAChRs on GABA Neurons turned rapidly to control levels or below. After the 10 min The nicotine concentration in the blood of smokers is application, the sensitivity of GABAergic transmission to elevated to levels between 250 and 500 nM for about 10 1 M nicotine was completely abolished (n ϭ 7; Figures min during and after smoking a cigarette (Henningfield et 5A and 5B), indicating that the nAChRs were substanal., 1993). At these nicotine concentrations and expotially desensitized and no longer depolarized the GABA sure times, nAChRs desensitize substantially (Fenster neuron enough to fire action potentials. In 3 of 7 cells et al., 1997). However, different nAChR subtypes have tested, the frequency of IPSCs during 1 M nicotine different desensitization properties. In particular, the ␣7 application was depressed to 80% Ϯ 3.2% of control and ␣4␤2 nAChRs differ considerably in this regard (Corlevels; in 4 out of 7, the frequency remained the same ringer et al., 1998; Fenster et al., 1997). Since glutaor was slightly increased. matergic terminals express ␣7 type nAChRs whereas Just before smoking a cigarette, the nicotine concen-GABA neurons express nAChRs with ␣4 and ␤2 subtration in the blood of a smoker is around 40 nM (Henunits, we compared the desensitization properties of ningfield et al., 1993). In a similar experiment, a 10 min the nAChRs that modify GABAergic and glutamatergic pretreatment with 40 nM nicotine did not alter the sensisynaptic transmission in the VTA. These experiments tivity of GABAergic transmission to 1 M nicotine (n ϭ involved exposing the slice to low concentrations of 5; Figure 5B ). This suggests that nAChRs on GABA neunicotine for 10 min, which is similar to the time course rons can recover from desensitization with resting levels of nicotine exposure experienced by smokers. Figure 5A shows an example of such a desensitization of nicotine, i.e., between cigarettes. At an intermediate nicotine concentration (100 nM), nAChRs on the GABA tration in VTA DA neurons is likely to be much lower than the 77 mM used in the internal solution for wholeneuron were partially desensitized as the increase in cell recordings and the poor Cl Ϫ permeability of the IPSC frequency was only 180% Ϯ 35.6% of control (n ϭ amphotericin channels conserves the natural Cl Ϫ con-7), which is significantly lower than the sensitivity of centration gradient. This was supported by measureuntreated slices (310% Ϯ 37%; Figure 5B) . ment of the chloride reversal potential, which was close In contrast, the response of spontaneous glutato Ϫ40 mV (n ϭ 3; data not shown). As in the normal matergic transmission to such a nicotine profile is strikwhole-cell configuration, the failure rate of evoked ingly different. The frequency of spontaneous EPSCs IPSCs decreased in response to nicotine (1 M, 200 s) gradually increased during the 10 min 250 nM nicotine in all neurons tested (n ϭ 14). In 9 of 14 neurons, near pre-application, without any decline ( Figure 5C ). Subsethe end of the application and shortly after, the failures quent application of 1 M nicotine increased the freincreased above control levels ( Figures 6A and 6B ). The quency of spontaneous EPSCs to 223% Ϯ 37% of contime course of the nicotine effect for the nine neurons trol with a slow decline back to baseline (n ϭ 5; Figures with increased failure rates is illustrated in Figure 6B . 5C and 5D). Thus, due to the different desensitization Four of these neurons were recorded from long enough properties of the nAChRs on presynaptic glutamatergic to show recovery back to baseline failure rates (Figure terminals versus those on GABA neurons, glutamatergic 6B). Thus, in two thirds of the GABA neurons, nicotine transmission can increase under conditions that elimifirst decreases and then increases the threshold for acnate the GABAergic enhancement by nicotine. tion potential firing relative to control conditions. This To further assess the desensitization of nAChR reobservation is in agreement with the decrease in spontasponses in VTA GABA neurons, we tested the effects neous IPSC frequency to below baseline levels following of nicotine perfusion on whole-cell responses to 1 mM nicotine application in a subset of dopamine neurons (8 ACh. Figure 5E IPSCs shown above ‫.)%07ف(‬ However, an increased both nicotine and endogenous ACh. These findings also support the idea that a subset of GABA neurons are firing rate in 36% of VTA DA neurons in vivo would likely cause significant increases in DA release.
depolarized by endogenous ACh inputs, and this excitation is removed when either nicotine or chronic high To further test whether endogenous cholinergic transmission contributes to the circuitry of the VTA, we studACh levels desensitize the nAChRs. The subsequent decrease of the inhibitory inputs effectively "disinhibits" ied the effects of acetylcholinesterase inhibition on GABAergic transmission. In the brain, ACh is rapidly the DA neuron, thus increasing its excitability. broken down to choline and acetate by acetylcholinesterase (Feldberg, 1945 Figures  7C and 7D ). This suggests that the same nAChR subtype that in the slice preparation, recovery from desensitization is likely a combination of the time required for diffumediates the increase in GABA neuron excitability by We tested the recovery of the nicotine sensitivity of following nicotine-induced desensitization ( Figure 5E ). These recovery kinetics are considerably longer than GABAergic transmission in the slice, as follows. After making the horizontal slices, the tissue was allowed to those observed in [ 3 H]GABA release studies, which likely reflects the time required for nicotine to diffuse from recover from the procedure at 34ЊC for at least 1 hr. After this hour, brain slices were exposed to 250 nM the slice during the wash period. Independent of the underlying causes, our results indicate that DA neurons nicotine for 10 min at 34ЊC. Subsequently, they were incubated in a nicotine-free bath at 34ЊC for variable are disinhibited by nicotine for more than an hour when exposed to similar time course and concentration as lengths of time. After this recovery period, the slices were transferred to the recording chamber and nicotine those experienced by smokers. The time course of restoration of inhibition may determine the timing of the responsiveness was tested at room temperature ( Figure  8A ). During the first 13 min of recovery, 1 M nicotine next cigarette. had no effect on the IPSC frequency ( Figure 8B ), suggesting that although nAChRs may be recovering, they Discussion are not able to depolarize the GABA neuron above threshold. After this refractory period, the response to lence of the MEC effect in our hands (36%). It is imporrecovery of the enhancement of GABA transmission tant to note that in both studies, the transmitter phenotakes more than an hour. In our experiments, there was type and postsynaptic targets of the non-DA neurons a 13 min refractory period during which nicotine did not remains unknown. Our model is based primarily upon enhance GABA transmission, which was then followed the nicotine sensitivity of GABAergic inputs to DA neuby recovery of this effect with a time constant of 20 min.
rons. This will ultimately influence DA release in the Thus, the DA neurons receive a net increase in excitatory NAcc, which is central to reward and reinforcement drive from the synaptic inputs that outlasts both the ( , 1999) . It will be interesting to learn tal nucleus, which is a major source of cholinergic prowhether this endogenous cholinergic input contributes jections to the VTA. It is unlikely that this structure was to the depolarization of the interneurons, and whether included in the coronal slices used by Yin and French this is also removed by nicotine exposure as we found (2000). Another important difference between the studies was that MEC had no effect on DA neuron AP firing in the VTA. 
